In this report, we applied a special localization microscopy technique (Spectral Precision Distance/Spatial Position Determination Microscopy/SPDM) to quantitatively analyze the effect of influenza A virus (IAV) infection on the spatial distribution of individual HGFR (Hepatocyte Growth Factor Receptor) proteins on the membrane of human epithelial cells at the single molecule resolution level. We applied this SPDM method to Alexa 488 labeled HGFR proteins with two different ligands. The ligands were either HGF (Hepatocyte Growth Factor), or IAV. In addition, the HGFR distribution in a control group of mock-incubated cells without any ligands was investigated. The spatial distribution of 1 × 10 6 individual HGFR proteins localized in large regions of interest on membranes of 240 cells was quantitatively analyzed and found to be highly non-random. Between 21% and 24% of the HGFR molecules were located in 44,304 small clusters with an average diameter of 54 nm. The mean density of HGFR molecule signals per individual cluster was very similar in control cells, in cells with ligand only, and in IAV infected cells, independent of the incubation time. From the density of HGFR molecule signals in the clusters and the diameter of the clusters, the number of HGFR molecule signals per cluster was estimated to be in the range between 4 and 11 (means 5-6). This suggests that the membrane bound HGFR clusters form small molecular complexes with a maximum diameter of few tens of nm, composed of a relatively low number of HGFR molecules. This article is part of a Special Issue entitled: Viral Membrane Proteins -Channels for Cellular Networking.
Introduction
Influenza A (IAV) is capable of rapid-genetic changes in mammals. It is an important pathogen that causes acute diseases of the respiratory tract in millions of people each year all over the world. The IAV subtype H1N1 is currently endemic in both human and pig populations [56, 58] . Previous studies [21] have presented first indications of an interplay of IAV with receptor tyrosine kinases (RTKs). If so, RTKs would be expected to possibly play a role in the mechanism of IAV entry into the cells. Furthermore, RTKs have been shown to exert a critical role in the development and progression of many types of cancer [65] ; hence a direct binding of IAVs to RTK complexes, or some indirect mode of affecting their structure, composition or spatial distribution on the membrane might also affect cellular processes correlated with cancer. It is hence of great importance to study in as much detail as possible the effects of IAV on specific RTK receptor molecules on the cell membrane and the influence on their expression and distribution. This makes it highly desirable to complement presently used bulk methods (such as immunoprecipitation, Western-blotting) with analyses on the single molecule resolution level. In contrast to bulk analyses typically averaging thousands or millions of cells, such enhanced resolution techniques would allow to study in individual cells the influence of IAV on the spatial distribution of single cancer related cellular signaling receptor molecules. However, due to their limited optical resolution (about 200 nm in the object plane), conventional immunofluorescence microscopy approaches are not sufficient to achieve this goal.
In this report, we used super-resolution fluorescence microscopy to study on the single cell/single molecule level a possible relationship between IAV infection and changes in the spatial distribution of the membrane based Hepatocyte Growth Factor Receptor (HGFR) in human alveolar basal epithelial cells.
HGFR [14, 25] is a protein encoded by c-met that is a proto-oncogene related to process tyrosine-kinase activity [15] . HGF is the only known ligand of the HGFR. The HGF receptor (HGFR) is a major regulator of proliferation, migration, and survival for many epithelial cell types. Via its binding, HGF transduces multiple biological effects such as mitogenesis, motogenesis, metastogenesis and morphogenesis [14, 63] .
In the last two decades, new developments in photophysics and optical technology have made it possible to establish various far field fluorescence microscopy techniques by which the conventional light optical resolution limits [1, 48] of about 200 nm (object plane) have been substantially overcome.
This progress was achieved by using optical conditions not subject to the conditions of the Abbe/Rayleigh theories [for reviews see [16, 17, 32, 33] ]. Due to these developments of "superresolution"/ "nanoscopy" techniques of far field light microscopy, the distribution of membrane proteins can now be studied at substantially enhanced resolution, using fluorescence microscopy with a resolution down to the molecular level. For example, stimulated emission depletion microscopy (STED) based on a scanning approach revealed that the membrane protein syntaxin formed protein clusters with a diameter of 50 to 60 nm [54] . Another "superresolution" or "nanoscopy" approach denoted as Patterned Excitation or Structured Illumination microscopy (PEM/ SIM) [7, 27, 31] achieved an optical resolution (object plane) in the 100 nm range by using a structured pattern of the light distribution in the object plane instead of the conventional homogeneous illumination; axially structured illumination methods allowed the measurement of the extent of small fluorescent labeled structures along the optical axis down to sizes in the few tens of nm range [2] [3] [4] 7, 40, 49] .
In addition to scanning and structured/patterned illumination based nanoscopy approaches, methods of spectrally assigned localization microscopy (SALM) techniques are becoming more and more used to study cellular nanostructures. Generally, these techniques are based on the independent registration of the diffraction images ("optical isolation") produced by point emitters using appropriate differences in their spectral signatures [10, 13, 18, 20, 28] . For example, differences in the time dependent absorption/emission spectrum [61] ; the fluorescence emission spectrum [22, 23, 47] ; the fluorescence life time [29] ; or the time dependent stochastic switching of fluorescence emission characteristics [9, 11, 12, 24, 30, 34, 37, 42, 44, 49, 50, 57] have been used for the optical isolation of the diffraction images of the point emitters. In this way it became possible to assign the center/maximum of the diffraction images independently from each other, the center coordinates thus determined being correlated with the position of the point emitter in the object plane; consequently, positions and hence distances between point emitters can be determined independently from each other, and thus the conventional resolution limit can be overcome. Recently, SALM methods for stochastic photoswitching of fluorescence emission spectra such as Photo Activated Localization Microscopy (PALM) [11] , Stochastic Optical Reconstruction Microscopy (STORM) [50] , Fluorescence Photo Activated Localization Microscopy (FPALM) [34] , PALM with Independently Running Acquisition (PALMIRA) [12] , Spectral Precision Distance/Position Determination Microscopy with Physically modified fluorochrome (SPDMPhymod) [42, 43, 49] , direct STORM (dSTORM) [30, 57] and various related approaches [5] [6] [7] [8] have made it possible to image cellular nanostructures down to the single molecule resolution level [for reviews see [17, 19, 36, 60, 64] ]. A special feature of the SPDMPhymod technique applied here (in the following abbreviated as SPDM) is the use of conventional green fluorescent proteins/ fluorophors and standard preparation conditions, together with photoswitching/readout by a single laser frequency for a given molecule type [26, 39, 42, 43, 49] . This SPDM variant based on reversible photoswitching [55] has already been successfully applied in a number of membrane protein studies, such as the analysis of breast cancer related Her2/neu clusters [40] ; the analysis of claudin networks [41] ; or the analysis of glycoproteins in a cellular blood-brain interaction model [38] . Here, we report for the first time the use of localization microscopy/SPDM to analyze down to the individual cell/single molecule resolution level the influence of influenza IAV infection on the spatial distribution of HGFR membrane proteins.
From a general perspective, this approach provides the methodological basis to analyze also other kinds of virus-cell interactions at single molecule resolution level in individual, intact and eventually live cells; furthermore, it opens an avenue to study on the single cell level the interaction of individual drug molecules to influence virus-receptor interactions.
Material and methods

Cell culture, sample preparation, immunofluorescence staining
The human lung epithelial cell line A549 was cultivated in DMEM (PAA) supplemented with 10% heat-inactivated fetal bovine serum (FCS, Biochrom). Conventional object slides were used. One day prior to infection, cells were seeded on cover slides at 80% of confluency. Three different treatments were applied: For negative control (treatment I), the cells were incubated with Opti-MEM (mock infected). For IAV infection (treatment II), the cells were inoculated with influenza virus A/Puerto Rico/8/34 (H1N1). To allow the IAV particles to attach, the cells were incubated at 4°C for 1 h after addition of the inoculum. For positive control (treatment III), cells were treated with recombinant human HGF (R&D Systems) at a concentration of 30 ng/ml (in Opti-MEM). The inoculum of the negative controls (mock infected, treatment I) just contained medium (Opti MEM + Glutamax, Invitrogen); the positive controls (treatment III) contained medium and HGF (final concentration 30 ng/ml) and the inoculum of IAV treated cells (treatment II) contained medium and virus particles at a multiplicity of infection (MOI) of 100 (this means on average 100 infectious particles per cell). Thereafter, all cells (treatments I-III) were incubated at 37°C in a standard CO 2 incubator for the times indicated (5, 10, 15 and 30 min) before they were fixed on the cover slip and stained. For this, the inoculum was removed; cells were washed twice with PBS and fixed with formaldehyde (Roth, 3.7% v/v in PBS) at room temperature (RT) for 20 min. For permeabilization, cells were then incubated with 0.2% (v/v) Triton X 100 at RT for 2 min. Cells were washed two times with PBS, before rabbit anti-HGFR polyclonal antibody was added (Santa Cruz, 1:100 in PBS containing 10% (v/v) FCS). After an antibody incubation time of 30 min, cells were washed three times with PBS, and Alexa488 labeled goat antirabbit antibodies were added for another 30 min (Invitrogen, 1:300 in PBS containing 10% (v/v) FCS). Afterwards, cells were washed five times with PBS followed by a wash with ddH 2 O; embedding was carried out with Prolong Gold antifade reagent (Invitrogen, Carlsbad, CA, USA), and the coverslip was sealed with nail polish.
SPDM setup
For localization microscopy, a variant of spectral precision distance/ position determination microscopy (SPDM) [13, [18] [19] [20] was used which allowed photoswitching of conventional fluorochromes using conventional specimen preparation conditions in combination with a single laser wavelength of appropriate illumination intensity both for excitation and registration, as reported previously [39] [40] [41] [42] [43] .
The SPDM setup used has been described in detail [16, 26, 39, 42] . Briefly, a diode pumped solid-state (DPSS) laser with a wavelength of 488 nm (Sapphire HP488, Coherent, Dieburg, Germany) was utilized for exciting fluorescent antibody bound Alexa 488 molecules. The specimens were illuminated by the defocused laser beam (object plane diameter several tens of μm) using a high aperture objective lens (63×/ NA1.4.oil). The fluorescent light excited was transmitted through a dichroic mirror and an emission filter and then imaged via a lens with a magnification of 1.0× onto a highly sensitive CCD-camera.
To obtain a SPDM image with enhanced resolution, typically 1000 frames of the same field of view of the same object were taken at a frame rate of 10/s, using an illumination intensity of about 25 kW/cm 2 . By fitting a two dimensional Gaussian with a linear estimation of the background noise to single molecule signals, the positions of the registered molecule signals were determined (for details see [39] ). All the positions found were assigned to a single localization map.
For visualization of the position data in the localization map, various image representations were generated [39] [40] [41] . By blurring the position of each individual molecule signal corresponding to the individual localization accuracy, an image was obtained which corresponded to the actually achieved optical resolution: Two adjacent, blurred molecule signals in a distance dmin still separated from each other indicated a similar (two-point) optical resolution valid for fluorescent point emitters according to the Rayleigh criterium [48] . To obtain a visualization of the structural resolution achieved [17] , the localization map was rendered by the density of the detected molecules and the localization accuracy [41] . In the experiments reported here, the mean estimated localization accuracy was 29 nm (standard deviation). While the density rendered image facilitates the visual inspection of structural details, the unblurred localization map makes possible detailed quantitative analyses, such as counting of individual molecule signals, distance frequency distributions etc. In this report, all analyses and conclusions were based on the direct evaluation of the original localization map, taking into account the limits in (optical and structural) resolution obtained.
Data analysis
Using the SPDM method outlined above, localization maps of the positions of single HGFR molecules were obtained. This allowed the analysis of the spatial distribution of HGFR proteins as a function of the incubation time (treatment I:mock infection = control; treatment II: IAV infection; treatment III:HGF binding). From the localization map, normalized frequencies were calculated for the distance distribution of the HGFR molecules on the membrane; in addition, simulated distance distributions of randomly localized signals [26] were obtained and normalized in the same way as the experimental HGFR locations.
To identify aggregations of HGFR molecules, a local density based cluster definition was used [40] : a cluster was defined as an ensemble of molecules where around each molecule signal, three or more neighboring signals were counted within the radius of 60 nm. This means that all molecules detected in a cluster had at least three neighbors detected within a distance of 60 nm. Since each of these molecules has at least 3 neighbors, the minimum total number of molecules detected in a cluster was 4. This definition allows clusters that are either smaller in size (e.g. a total of 4 molecules with a maximum of mutual distances of 30 nm, corresponding to a diameter of e.g. 30 nm only); or clusters which have a size much larger than an area of radius r = 60 nm (e.g. 10 molecules within a circular area of diameter 2r = 150 nm, where each of the 10 molecules has at least 3 neighbors within a distance of 60 nm). Hence, the cluster algorithm used can identify very small clusters (e.g. 30 nm Ø) with a very low number of molecule signals (e.g. N CL = 4), as well as large clusters (e.g. 150 nm Ø, with a high number of molecule signals, e.g. N CL = 20). For comparison, random distributions of points were generated with the same mean density as the localization data. For further details, see [40] .
Results
For the SPDM imaging of A549 cells, Alexa488 was used for indirect immunolabeling of HGFR membrane proteins. All SPDM measurements were performed at an excitation wavelength of 488 nm for both photoswitching and fluorescence registration. In total, the spatial distribution of about 1 million individual HGFR molecule signals was analyzed on the membrane of 240 different cells, using four different incubation times (5 min, 10 min, 15 min, 30 min) and three different treatments: Mock incubation/control (no HGF ligand, no IAV); incubation with the HGF ligand alone; and incubation with the IAV alone. In each of the 240 cells analyzed, a large region of interest (typically in the order of 20 × 20 μm 2 ) was illuminated in the SPDM mode described above. In this report, all the data presented refer to these regions of interest (ROI), i.e. to the results obtained for 240 ROIs in 240 different cells. To eliminate a bias due to possible variations in the size of the SPDM illuminated ROIs and their positions inside the cells, all the conclusions drawn were done in such a way that such variations do not play a role. From the average SPDM localization accuracy σloc = 29 nm (standard deviation) achieved in these experiments, an average (twopoint) single molecule optical resolution of about 60 nm may be inferred [39] .
3.1. Visual inspection of SPDM images reveals HGFR nanostructures far below the conventional resolution limit Fig. 1 shows conventional wide-field images (Fig. 1A-C) and high resolution (SPDM) images of a ROI in an IAV infected cell after an incubation time of 5 min (Fig. 1D-F) . Already from the conventional resolution images (1A-C), it is obvious that the spatial distribution of the HGFR proteins on the cell membrane is very heterogeneous; obviously, many of them are arranged in small clusters. The conventional resolution enlargements in Fig. 1B , C suggest that these clusters might be even as large as several hundred nm in diameter, corresponding to the optical resolution limit. This means, however, that these HGFR clusters might also be much smaller than the ca. 200 nm apparent in the conventional resolution image (compare Fig. 1C ). Therefore it is impossible to obtain a more correct estimate of the size of the HGFR clusters from these conventional resolution images (Fig. 1A-C) . Such a more correct estimate, however, became possible using localization microscopy (SPDM). On the right side of Fig. 1 , such SPDM images (Fig. 1D-F) are shown for the corresponding conventional resolution regions see Fig.  1A-C) . The visual inspection confirms the highly heterogeneous distribution of the HGFR clusters already visible in the conventional resolution images. Due to their superior optical resolution, however, the SPDM images indicate that a) the number of clusters is much larger than detected in the conventional resolution images; and b) that the size of the clusters is in reality much smaller (below 100 nm).
The visual inspection of such SPDM images has a number of setbacks: While it indicates a large number of HGFR clusters of an apparent size below 100 nm, so far it provides no quantitative information (as a function of the treatment of the cells) on a) the average size (diameter) of the clusters; b) the number/density of the clusters; c) the spatial distribution of the clusters on the cell membrane; d) the number/density of HGFR molecules inside and outside such clusters; and e) the number of HGFR molecules/cluster.
The distribution of individual HGFR molecules on the membrane is highly non-random
The visual inspection of the SPDM images suggested that the HGFR molecules form small clusters distributed all over the membrane. In case this assumption is correct, one would expect a strong deviation of the single molecule positions from a random spatial distribution. To test and quantify the hypothesis of a highly heterogeneous spatial distribution of the HGFR molecules on the cell membrane, normalized frequency distance distributions were calculated for all HGFR molecule signals detected. Fig. 2 shows the result using the HGFR localization data obtained by SPDM from all the 240 ROIs in the 240 cells measured (total of 1,027,944 molecule positions). In this graph, for each of the ca. 1 million positions the distances to all other molecules detected on the membrane of a given cell within a radius of 200 nm were determined; the frequency of occurrence of a certain distance was normalized to the total number of all detected signals as previously described [40] . For all treatments (mock-incubation/normal; incubation with HGF ligand; and incubation with IAV), a broad distance distribution was observed. The distance distribution for the IAV infected cells, however, shows a clear maximum around 40 nm distance, while the HGF treated cells (ligand) and the mock treated control cells indicated a clear shoulder at this value. To decide whether this distributions deviate from a random distribution, a normalized distance frequency distribution was calculated in the same way, as previously described [40] ; this time, however, in these numerical simulations the molecule positions were assumed to be randomly distributed over the cell membrane. The normalization of all frequency data was done in such a way that the simulated random distribution resulted in a linear increase of frequency with the molecule-molecule distances. As Fig. 2 shows, a very pronounced difference was obtained between the experimental distance distributions and the simulated random distributions. We conclude that the overall distribution of the HGFR molecules over the cell membrane was highly heterogeneous.
The HGFR clusters have an average diameter in the 50 nm range
The quantitative distance frequency results shown in Fig. 2 clearly indicated a highly heterogeneous distribution of the individual HGFR molecules, suggesting the existence of HGFR clusters. Therefore, the next step was to identify such clusters, to count their number and density, and to determine their size. As the visual inspection (Fig. 1) indicated, these clusters have a size substantially smaller than the conventional resolution limit of about 200 nm: In the enhanced resolution SPDM image, one of the HGFR "spots" seen in the conventional microscopy image (Fig. 1B,C ) may be composed of numerous small HGFR clusters, each with a size considerably smaller than 100 nm (Fig. 2E,F) .
Using the density based algorithm for cluster size determination previously described to analyze Her2/neu clusters in breast cancer 
(B) Enlarged conventional resolution image of the rectangular insert box in image A; (C) enlargement of the conventional resolution image (B). (D)-(F) Localization microscopy (SPDM) images of the corresponding cellular regions. (D) SPDM image corresponding to area (A). (E) SPDM image corresponding to area (B). (F) SPDM image corresponding to area (C). All SPDM images were obtained after blurring of the individual HGFR localization maps with a
Gaussian with standard deviation of 29 nm, corresponding to the average localization accuracy achieved. Scale bars are increased from 2 μm (A, D) to 500 nm (B, E) to 200 nm (C, F). cells [40] , for each cluster (containing at least 4 individual HGFR molecule signals with mutual distances ≤ 60 nm) the diameter dcluster was determined. The values obtained varied from about 20 nm up to about 120 nm (Fig. 3) . A clear peak, however, was obtained around 40-50 nm. Altogether, the average apparent cluster diameter was dcluster = 54 nm ± 24 nm (standard deviation, SD) and independent of the treatment of the cells (data not shown). This figure is about 4 times smaller than suggested by conventional resolution microscopy (compare Fig. 1B, C) . Since the (two point) optical resolution achieved in the SPDM imaging reported here was on average in the order of 2 × σloc~60 nm [39] , the true HGFR cluster diameter might even be somewhat smaller than 54 nm. Diameters much higher than this value observed at relatively low frequencies might be explained by a vicinity of several~Ø 50 nm clusters too close to be distinguished by the algorithm. The validity of such an interpretation may be justified from the visual inspection of the SPDM images (see Fig. 1F ) where a number of small clusters (Ø smaller 100 nm) was observed to be close to each other.
In IAV infected cells, the HGFR clusters contain a substantial percentage of all the HGFR proteins on the cell membrane
The next question we asked was: How many HGFR molecules are within the clusters identified, compared to the HGFR molecules outside of these clusters? To answer this, it was first necessary to identify in all the ROIs the clusters with appropriate resolution, and next to count the number of HGFR molecule signals within and outside of these clusters. This became possible only using a technique of single molecule based localization microscopy, like SPDM. The results obtained from the SPDM based position maps are summarized in Table 1 . To allow a direct comparison, the numbers refer to the total no. of HGFR molecule signals within given ROIs and the no. N CL of HGFR molecule signals within the clusters in the same ROIs.
As Table 1 shows, there is a certain variation of the percentage of HGFR molecules within the clusters, ranging from a minimum of 14% to a maximum of 29%. On average, however, there appears to be at best a slight increase only between mock treated control cells and IAV 
The HGFR clusters are composed of a relatively small number of protein molecules
So far, a considerable variation was observed of the total number of HGFR molecules detected per cell, as well as of the total number of HGFR clusters expressed per cell. Is this variability found also for the number of HGFR molecules per cluster? Can we make an estimate of the number of molecules in an individual cluster?
As a first step to obtain this figure, for each condition (treatment, incubation time), the mean molecule density in the clusters was determined automatically as described [40] . The result is shown in Table 2 . For each condition and incubation time, 20 cells were measured (total 240 cells).
Surprisingly, in contrast to the considerable variations of the absolute numbers of HGFR proteins detected in the individual experiments, the detected HGFR protein densities in the clusters turned out to be quite stable: The overall variation in the density values for different treatments and incubation times was around 10% only; in the individual groups, the standard deviation in the protein density was around 5%-7% only.
Using the average diameter obtained from the density related algorithm for the HGFR clusters (54 nm 
Discussion
Recently, receptor tyrosine kinases (RTKs) were shown to be engaged as cellular signaling receptors during the entry of influenza A viruses (IAV) into the cells [21] . In particular, siRNA-mediated knock down of HGFR resulted in impaired IAV uptake, indicating a correlation between the HGFR receptor and IAV entry [21] . Such a correlation might be due to e.g. direct effects (binding of IAV to HGFR), or indirect effects (binding of IAV to another receptor which in turn is affected by the presence of HGFR [59, 62] ). In both cases, the spatial distribution of HGFR on the membrane might play a role for the IAV uptake. Inversely, IAV infection might affect the intracellular distribution of HGFR and thus possibly exert some influence on HGFR related effects. To test such a hypothesis, we investigated in this report for the first time a possible connection between IAV infection and HGFR distribution on the single molecule/single cell level using spectral precision distance/spatial position determination microscopy (SPDM), a method of super-resolving spectrally assigned localization microscopy (SALM). Such methods have already been shown to be particularly useful to study the spatial distribution of individually resolved membrane based molecules at the nanometer resolution scale [6, 11, [34] [35] [36] 38, 41, 52, 53] . For example, using the special SPDM technique applied here, it became possible to study quantitatively at the molecular resolution level the spatial distribution of Her2/neu receptor clusters [40] .
The application of localization microscopy (SPDM) to the analysis of HGFR receptor proteins reported here showed that IAV infection was correlated with changes on the nanoscale: the visual inspection of the 'nanoscopic' images revealed HGFR nanostructures far below the conventional resolution limit; the amount of membrane associated HGFR proteins (as estimated from the number of HGFR signals in the ROIs of the single cells) appeared to be somewhat increased in IAV infected cells; the distribution of individual HGFR molecules at the membrane was highly non-random; the individual HGFR clusters (defined to contain at least 4 HGFR molecule signals within mutual distances not larger than 60 nm) were determined to have an average diameter in the 50 nm range; in IAV infected cells, the HGFR cluster density was increased and the HGFR clusters contained up to almost 30% of all the HGFR molecule signals localized in the ROIs. Since these regions of interests covered large parts of the entire cellular areas, these percentages will probably be valid for the entire cell membranes. Furthermore, in the same ROI, one may expect that the photoswitching conditions allowing optical isolation have been similar for HGFR proteins within and out of the clusters; hence, the percentages may be valid also for the HGFR molecules themselves. It is interesting to note that both the total number of membrane associated HGFR molecule signals/ROI and the number of the HGFR molecules in the clusters/ROI were dependent on the time of incubation (Table 1) : For example, if one compares short incubation times (5 min) with longer incubation times (30 min), the control cells showed a marked decrease with time (from ca. 82,000 total number to ca. 67,000); on the contrary, the HGF-ligand incubated cells indicated an increase (from ca. 71,000 total number to 91,000); while the IAV infected cells suggested first a rise of total membrane associated HGFR numbers with incubation time (from 92,000 at 5 min incubation time to ca. 104,000 at 15 min, followed by a decrease at 30 min). To what extent these (altogether relatively small) temporal changes reflect methodological problems of the present SPDM method (e.g. slight variations in the effective illumination intensity, or in the composition of the "photoswitching" medium), or indicate real changes in the cellular distribution of HGFR receptors, remains to be investigated.
A major result of these SPDM analysis was the discovery that individual HGFR clusters may be composed of a relatively small number N CL of proteins. Combining the experimental results for the density ρ CL of HGFR signals in the clusters with the cluster size Ø CL , estimates for N CL between 4 and 11 signals per cluster were obtained. For these calculations, the HGFR density values (ρ CL = N CL / A CL ) of the clusters (automatically determined by the cluster density algorithm) were multiplied with the area of the clusters (determined from the cluster diameter Ø CL automatically obtained from the cluster sizing algorithm). Interestingly, on average a number of HGFR protein signals/cluster N cl = 5.0 HGFR molecule signals/cluster was estimated for control cells (mock incubation, treatment I); for cells incubated with the HGF ligand (treatment III), the corresponding figure was again N CL = 5,0 HGFR molecule signals/cluster; for IAV infected cells (treatment II), however, a somewhat higher value N CL = 5.7 molecule signals/cluster was obtained. It is tempting to speculate that such a result may be interpreted to suggest a direct or indirect influence of the IAV on the HGFR clusters in such a way that the number of HGFR molecules in the clusters was increased, or that the size of the HGFR cluster was slightly altered. Such an effect might be explained to be due either to a direct binding mechanism, or due to a binding to another receptor which in turn would act upon the HGFR receptor. To substantiate or refute such a hypothesis is beyond the scope of this paper. From the methodological point of view, however, it should be possible to test a direct binding of individual IAVs to individual HGFR clusters by dual color localization microscopy [8, 19, 26] : In this case, one would label the IAV coat proteins using a fluorphore A (e.g. Alexa 568), and the HGF receptor proteins with a fluorphore B (e.g. Alexa 488, as in the present report). To exclude a possible adverse effect of fluorphore-labeled coat proteins on the IAV binding, it may be advantageous to use instead photoswitchable lipophilic dyes [51] .
Since in the SPDM method used (as well as in other SALM approaches), the detection efficiency α (i.e. the number N D of molecules detected/number N L of molecules labeled) was found to be smaller than 1.0 [6, 19, 45] , the number N L of HGFR proteins labeled per cluster may be larger by a factor 1/α. Hence, the number N CL of labeled HGFR molecules residing within the clusters might be up to several times larger than the number N D detected. In case that the labeling efficiency β = [number N L of labeled molecules] / [number N true of molecules present] would also be known, even the "true" number (N true ) of protein molecules in the HGFR cluster (i.e. the number of molecules actually present) may be calculated (N true = N D / [α × β]). Since in these SPDM measurements, we were able to measure the number of detected molecules (N D ) only, at the present time a reliable estimate of the "true" number N true cannot be given. We found, however, that in spite of substantial differences in the number of HGFR signals and clusters in the individual measurements, the signal density was similar in all the 12 different experiments (with a total of 240 cells with about 1 million HGFR signals and ca. 44,000 HGFR clusters evaluated); this suggests that under the conditions used, α and β may be regarded to be close to a constant value. Otherwise, one would have to assume very complex compensation mechanisms to explain the similar signal density values obtained.
To summarize, we conclude that a substantial part of the HGFreceptors present on the surface of the lung epithelial cells analyzed is organized in small clusters of HGFR proteins of a similar number (variation between 4 and 11 molecule signals).
For further investigations of the influence of IAV on individual HGFR cluster nanostructures, a substantially better localization accuracy would be needed than the average of 29 nm achieved in these experiments. From the optical point of view, such an improved localization accuracy and hence optical resolution is indeed possible: e.g., using photoactivable Green Fluorescent Proteins (paGFP), localization accuracies in the 2 nm range have been reported for membranes in connection with background reduction by Total Internal Reflection (TIRF) Fluorescence microscopy [11] ; with Alexa dyes, [45] successfully performed localization microscopy of individual nuclear pore complexes; using an atto dye coupled directly to coat proteins of individual tobacco mosaic virus (TMV) particles structures on a surface, at 488 nm excitation we obtained a SPDM localization accuracy down to the 2 nm scale, with an optical and structural resolution down to the 5 nm range [16, 19] . Under very defined optical conditions, two Alexa molecules of the same type located on a glass surface have been reported to be resolved even at a distance of 1.3 nm, using visible light excitation for localization microscopy [46] . Numerical simulations [2] supported by proof-of-principle experiments [3] suggested that in combination with structured illumination/detection modes [4, 49, 53] , a 3D resolution down to the 1 nm range should be possible from the point of Physics. Such a resolution would allow the unraveling of the three-dimensional structure of HGFR clusters and other biomolecular machines of the cell membrane to an extent which together with protein modeling would approach the level of resolution so far reserved to crystallography.
